We examined the effects of curcumin and of its isoxazole analogue MR 39 in the MCF-7 breast cancer cell line and in its multidrug-resistant (MDR) variant MCF-7R. In comparison with MCF-7, MCF-7R lacks estrogen receptor α (ERα) and overexpressess P-glycoprotein (P-gp), different IAPs (inhibitory of apoptosis proteins) and COX-2. Through analyses of the effects on cell proliferation, cycling and death, we have observed that the antitumor activity of curcumin and of the more potent (approximately two-fold) MR 39 is at least equal in the MDR cell line compared to the parental MCF-7. Similar results were observed also in an MDR variant of HL-60 leukemia. RT-PCR evaluations performed in MCF-7 and MCF-7R showed that curcumin or MR 39 produced early modifications in the amounts of relevant gene transcripts, which, however, were mostly diverse (i.e. represented by decreases in IAPs and COX-2 in MCF-7R versus reductions in Bcl-2 and Bcl-X L as well as increases in the Bcl-X S /Bcl-X L ratio in MCF-7) in the two cell lines. These results could not be explained by an involvement of NF-κB (p65 subunit) or STAT3, since the low nuclear levels of these transcription factors present in MCF-7 were only slightly, though significantly, elevated in MCF-7R; moreover, curcumin or MR 39 caused minor changes in NF-κB or STAT3 activation. Overall, these data underline that curcumin or MR 39 antitumor activities are not hampered by P-gp expression or lack of ERα in breast cancer cells. Remarkably, the agents appeared to modify their molecular effects according to the diverse gene expression patterns existing in the MDR and in the parental MCF-7. Clearly, the structure and properties of curcumin can form the basis for the development of antitumor compounds that are more effective against both chemosensitive and MDR cells.
Introduction
Drug resistance, either innate or acquired and especially in its multiple form (multidrug resistance, MDR), remains a major and difficult problem to resolve in the therapy of many cancer types. This process has previously been interpreted on the basis of the ability of tumor cells to extrude or inactivate the cytotoxic agents or to modify their targets of action: much attention has been drawn to the overexpression of multidrug efflux transporters such as P-glycoprotein (P-gp), Multidrug Resistance Related Proteins (MRPs), Breast Cancer Resistance Protein (BCRP) and others. Nevertheless, today it is recognized that clinical MDR is often a multifactorial and heterogeneous process and that many other different molecular alterations involved in the malignant transformation and progression may be responsible for tumor drug resistance as well (1) . For example, induction of tumor cell killing is fundamental for the efficacy of anticancer drugs and a critical mechanism of cellular protection from their attacks is represented by the loss of pro-apoptotic factors (e.g., functional p53 or Bax) or the overexpression of anti-apoptotic factors, such as Bcl-2, Bcl-X L or IAPs (inhibitory of apoptosis proteins) (1, 2) . IAPs, which in humans include c-IAP-1, c-IAP-2, XIAP, NAIP, survivin and livin-α, as well as other anti-apoptotic mechanisms, possess the ability of interfering with the terminal cell death effector caspases. Similarly to Bcl-2 or Bcl-X L , they can block the execution of cell death triggered by many nonrelated stimuli (3, 4) . It is also recognized that survivin not only inhibits apoptosis but also, as a component of the chromosomal passenger complex, favours cancer cell proliferative activity (5) .
The multiplicity of the drug resistance determinants poses the question of the optimal strategies to face them; reasonably, multi-targeted agents might be less likely to encounter problems of drug resistance than single-targeted agents. In this respect, there is increasing evidence that the dietary polyphenols are endowed with a remarkable number of different antitumor mechanisms, yet accompanied by a limited toxicity for normal cells. Among these agents, curcumin (diferuloylmethane), extracted from Curcuma longa L. and present in curry spice, has a long history of use in Indian medicine for anti-inflammatory and other therapeutic purposes; it has exhibited definite tumor suppressive and preventive activities in many in vitro and in vivo models (reviewed in ref. 6 ). Here, we have tried to corroborate the possible evidence that this compound, owing to its pleiotropic properties, may be favored in evading tumor drug resistance. We have examined the effects of curcumin and of its novel, more potent, isoxazole analogue (hereafter named MR 39, Fig. 1 ) in the MCF-7 breast cancer cell line and in its MCF-7R variant endowed with different mechanisms [lack of estrogen receptor (ER) α and overexpression of P-gp and different IAPs] of drug resistance.
Materials and methods
Agents. Curcumin was purchased from Sigma-Aldrich Srl, Milan, Italy. The isoxazole derivative of curcumin, MR 39, was synthesized and provided by Professor Daniele Simoni, Dipartimento di Scienze Farmaceutiche, Università di Ferrara.
Cell lines and culture conditions. The human breast cancer cell line MCF-7 was obtained from Doctor Giuseppe Carruba, M. Ascoli Cancer Hospital Center, Palermo, Italy. The MDR cell line MCF-7R was established treating the wild-type cells with gradually increasing concentrations of doxorubicin. The IC 50 value of doxorubicin in MCF-7R is 17.1 μM as determined by cell vitality tests, which is approximately 92 times higher than the original IC 50 . In contrast to MCF-7, MCF-7R lacks ERα expression, is estrogen-insensitive and overexpresses P-gp, as determined in our laboratory by analyses of mRNA and protein expression and by cell vitality tests examining the response of the cells to diethylstilbestrol and tamoxifen. The cells were cultured in Roswell Park Memorial Institute (RPMI)-1640 (HyClone Europe Ltd, Cramlington, UK) supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 units/ml penicillin and 100 μg/ml streptomycin (all reagents were from HyClone Europe) in a humidified atmosphere of 5% CO 2 at 37˚C.
Cytotoxicity assays. The cells were seeded at 1x10 4 /well onto 96-well plates and then incubated overnight. At time 0, the medium was replaced with fresh complete medium and curcumin or MR 39 was added in various concentrations. After 72 h, 15 μl of a commercial solution (obtained from Promega Corporation, Madison, WI, USA) containing 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium (MTS) and phenazine ethosulfate were added. The plates were incubated for 2 h in a humidified atmosphere of 5% CO 2 at 37˚C. The bioreduction of the MTS dye was assessed by measuring the absorbance of each well at 490 nm. Cytotoxicity was expressed as a percentage of the absorbance measured in the control cells.
Cell proliferation assays. The ability of the agents to inhibit DNA synthesis was determined by estimating the amount of bromodeoxyuridine (BrdU) incorporation into DNA by a colorimetric immunoassay (Roche Diagnostics GmbH, Mannheim, Germany). Briefly, cells were cultured in 96-well plates (2.5x10
3 ) in the presence of the agents for 24 h. BrdU (10-μM final concentration) was added, and the cells were re-incubated for an additional 24 h. The cells were fixed and incubated with anti-BrdU-POD (100 μl per well) for 2 h at room temperature. The color, directly correlating to the amount of BrdU incorporated into DNA, was developed by the addition of tetramethylbenzidine substrate and measured at 490 nm. The results were expressed as percent inhibition of BrdU incorporation over the control.
Evaluation of cell cycle and cell death by flow cytometry. Cells were washed twice with ice-cold PBS and then resuspended at 1x10 6 /ml in a hypotonic fluorochrome solution containing propidium iodide 50 μg/ml in 0.1% sodium citrate plus 0.03% (v/v) Nonidet P-40. After 1 h of incubation in this solution the samples were filtered through nylon cloth, 40-μm mesh, and their fluorescence was analyzed as single-parameter frequency histograms using a FACSort instrument (Becton Dickinson, Montain View, CA, USA). The data were analyzed with CellQuest™ and ModFit™ softwares (Becton Dickinson). Cell death was determined by evaluating the percentage of events accumulated in the preG 0 -G 1 position. To assess the phosphatidylserine on the cell surface, the cells were resuspended at 1x10 6 /ml in binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 μM NaCl and 2.5 mM CaCl 2 ), incubated with FITC-conjugated annexin V (Pharmingen, San Diego, CA) and then analyzed by flow cytometry.
Evaluation of gene expression by RT-PCR.
Total RNA was isolated from 1x10 6 cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA). RT-PCR was then performed using the one-step protocol of the Ready-to-go RT-PCR beads kit (Amersham, Little Chalfont, UK). Quantification and equalization of the amount of cDNA was achieved using primers to amplify ß-actin as an internal control. The conditions and sequences of primers used to obtain the different RT-PCR products have been previously described (7). All PCR products (10 μl) were analyzed by electrophoresis on 1.5% (w/v) agarose gel, photographed and quantified by densitometric scanning.
NF-κB and STAT3 activation. The DNA-binding capacities of NF-κB (p65 subunit) and STAT3 were measured in nuclear extracts of the cells using the Nuclear Extract™ and TransAM™ NF-κB and STAT3 kits (Active Motif, Carlsbad, CA, USA) according to the manufacturer's instructions. Briefly, the assay uses a 96-well plate to which an oligonucleotide containing the NF-κB or STAT3 consensus binding sites, i.e. 5'-GGGACTTTCC-3' or 5'-TTCCCGGAA-3', respectively, has been immobilized. The activated NF-κB or STAT3 contained in nuclear extracts specifically bind to these nucleotides. By using antibodies directed against epitopes on p65 or STAT3 that are accessible only when the factors are bound to target DNA, the NF-κB or STAT3 bound to the oligonucleotides is detected. Addition of a secondary antibody conjugated to horseradish peroxidase provides a sensitive colorimetric readout that is quantified by densitometry. The specificity of the assays was confirmed by contemporaneous incubations in the presence of an excess of the non-immobilized consensus oligonucleotides, as competitors, or of mutated consensus oligonucleotides. The results are expressed as arbitrary units (one unit is the DNA binding capacity shown by 1 μg of whole cell extract from HeLa cells stimulated with TNF-α in the case of NF-κB and by 1 μg of whole cell extract from HepG2 cells stimulated with IL-6 in the case of STAT3)/μg protein of the MCF-7 or MCF-/R nuclear extracts.
Statistical analysis.
Results are given as means ± S.E. The significance of differences between means was evaluated by Student's t-test for unpaired samples and a P value <0.05 was considered significant.
Results

Antitumor effects of curcumin or MR 39 on the cells.
Cell growth inhibition (MTS) assays revealed that the cytotoxic activity of curcumin in the MDR breast cancer cell line is at least equivalent to, or even slightly stronger than in its parental variant: after 72 h of treatment, the IC 50 of curcumin calculated from four independent experiments was 29.3±1.7 μM in MCF-7 and 26.2±1.6 μM in MCF-7R. The MR 39 derivative exhibited more potency than curcumin, both in the parental and in the MDR cell line: the IC 50 of MR 39 was 13.1±1.6 μM in MCF-7 and 12.0±2.0 μM in MCF-7R. BrdU incorporation (Fig. 2) and cell death induction (Fig. 3) Table I . Cell cycle changes induced by curcumin or MR 39 in MCF-7 and MCF-7R. 
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The cells were treated for 48 h with the agents and their distribution in the phases of the cell cycles was assessed through flow cytometry analysis of their DNA stained with propidium iodide and using ModFit™ software, as described in Materials and methods. Data are the mean ± S.E. of four separate experiments. a P<0.05 and b P<0.01 versus controls. or, more potently, MR 39 exhibit in MCF-7R antiproliferative and cell death effects comparable to those achieved in MCF-7. The results on cell death were well confirmed by flow cytometry assessments of Annexin V binding to the cell surface (not shown). Further, analyses of the cell cycle ( Fig. 3B and Table I) showed that, both in MCF-7 and MCF-7R, the agents caused significant accumulation of the cells in G 2 -M; this effect has been frequently observed in curcumin-treated tumor cells and may be important to lead them to apoptosis (8, 9) . Overall, these findings clearly indicate that the antitumor activity of curcumin or MR 39 is not reduced by the MDR condition of the MCF-7R cells.
Effects of curcumin or MR 39 on gene expression in the cells.
We examined by RT-PCR the expression in the cell lines of different genes, including the IAPs, implicated in cell proliferation, survival and other pro-oncogenic processes. In basal conditions (Fig. 4) , the MDR1 gene product, P-gp, was expressed only in MCF-7R cells, and c-IAP-2 and ERα were only expressed in MCF-7. MCF-7 and MCF-7R exhibited a comparable expression of XIAP, livin, Bcl-X L , Bcl-X S , Bax, COX-1, c-Myc, cyclin D1 and hTERT. However, cIAP-1, NAIP, survivin and COX-2 resulted to be significantly upregulated in MCF7-R with respect to MCF-7; in contrast, Bcl-2 was significantly more expressed in the parental cells.
Following 4-or 8-h treatments of the cells with curcumin or MR 39, there were no significant effects on the mRNA levels of c-IAP-2, livin, Bcl-X S , Bax, COX-1, c-Myc, cyclin D1, hTERT, P-gp and ERα (data not shown). However, curcumin and, more strongly, MR 39 significantly down-regulated the mRNAs of c-IAP-1, XIAP, NAIP, survivin and COX-2 in MCF-7R (Fig. 5) . MR 39, but not curcumin, decreased XIAP mRNA also in MCF-7. On the other hand, treatment-related significant reductions in Bcl-2 and Bcl-X L levels were seen only in MCF-7, along with significant increases in the ratios between the pro-apoptotic splice form of Bcl-X, Bcl-X S , and Bcl-X L . Thus, curcumin and MR 39 produced distinct modifications of the expression of relevant genes (mainly Bcl-2 and Bcl-X in MCF-7 versus IAPs and COX-2 in MCF-7R) in the parental and MDR cells, which, on the other hand, displayed peculiar differences in their basal molecular patterns.
NF-κB and STAT3 activation. These analyses showed the presence of low nuclear levels of activated NF-κB (p65 subunit) and STAT3 in MCF-7; they were slightly, though significantly, elevated in MCF-7R (Fig. 6 ). Treatment with curcumin or MR39 did not significantly change the activation of the two factors in either cell line.
Discussion
The results of the present work indicate that the growthinhibitory and cell death inducing effects of curcumin or MR 39 are not hampered by the MDR condition of the MCF-7R cells. We have recently observed the same result comparing the antitumor effects of the two agents on HL-60 myeloid leukaemia and on an MDR-resistant variant of this cell line (unpublished observations). Importantly, both the MDR cell variants studied by us overexpress functional P-gp; thus, our data are in good agreement with other studies, which have found that curcumin is not extruded from cells by P-gp and that its antitumor activity is not affected in cells endowed with such a mechanism (9-11). For example, when compared to normal human mammary epithelial cells, another MDR variant of MCF-7, MCF/TH, even showed hypersensitivity to the cytotoxic and apoptotic effects of curcumin, thus also underlining the potential chemotherapeutic index of the compound (9) .
In addition to the presence of P-gp, in MCF-7R cells there were other multiple differences in gene expression with respect to MCF-7. First, they lacked ERα and anti-estrogen responsiveness, a characteristic already described in MDR variants of MCF-7 (12); speculatively, the finality of such a co-selection might be explained by the recent observation that estrogen signaling is able to down-regulate P-gp in the same cells (13) . Further, in MCF-7R there were significant variations in the mRNA levels of some pro-survival and proliferative factors, with increases in cIAP-1, NAIP, survivin and COX-2, but also reductions in c-IAP-2 and Bcl-2.
The molecular effects of curcumin and MR 39 were investigated after relatively brief (4 and 8 h) periods of exposure to the compounds, in order to detect possible early changes responsible for, and not secondary to, the onset of cytotoxicity and cell death. Curcumin and, more potently, MR 39 produced early modifications in the amounts of relevant gene transcripts, which, interestingly, were mostly diverse (i.e. concerning Bcl-2, Bcl-X L and the Bcl-X S /Bcl-X L ratio in MCF-7 versus the IAPs and COX-2 in MCF-7R) in the two cell lines. Among the possible explanations for such results, one might put forth the involvement of ERα as well as of other transcription factors, such as NF-κB and STATs, possibly variably present in the cell lines. Previous studies have indeed shown that curcumin may exert anti-antitumor effects both in breast cancer estrogen receptor-positive and -negative cells through, respectively, ER-dependent and -independent, gene suppression mechanisms (14) . It is also known that curcumin may inhibit a phosphorylation step on ERα necessary for its binding to its cognate DNA targets (15) . On the other hand, it appeared logical to investigate NF-κB and STAT3 as possible targets of curcumin and MR39 in MCF-7R. In fact, their frequent abnormal activation in cancer cells may contribute to the processes of drug resistance (16) (17) (18) (19) ; further, they can up-regulate the expression of many of the genes discussed, including MDR1/P-gp, the IAPs and COX-2 (16, (20) (21) (22) (23) . Finally it is well documented that curcumin can inhibit at different stages the activation of both NF-κB and STAT3 (6,7).
Our analyses showed, however, that the very low nuclear levels of activated NF-κB (p65 subunit) or STAT3 present in MCF-7 underwent only slight, though significant, elevation in MCF-7R. Moreover, curcumin or MR39 did not cause changes in the activation of NF-κB or STAT3 which could account for their different effects on gene expression in the two cell lines. Thus, alternative mechanisms might be examined, also considering that, reportedly, curcumin may affect gene transcription by other means, including interference with other transcription factors (e.g. AP-1) as well as with the processes of histone acetylation (6, 24, 25) . Such further investigations might also shed more light on the presently incompletely defined processes which regulate the expression of the IAPs and other drug resistance factors. On the other hand, clearly, the antitumor effects of curcumin may not depend solely on influences on gene transcription, but can also involve other mechanisms, including direct interactions with specific target molecules; there are also some cases [like that, e.g., concerning COX-2 (26)] in which the agent can affect both the function and the expression of a given molecule. With reference to this, it has been recently reported that MR 39 produces significantly higher direct inhibition of the COX-2 catalytic activity than curcumin (27) , an interesting finding that may fit well with our observations.
In conclusion, our results suggest that curcumin may exhibit the remarkable property of modifying its molecular effects according to the diverse gene expression patterns existing in MDR cell lines compared to the parental ones, thereby maintaining unaltered antitumor activity. In other words, they seem to confirm curcumin's property of being a compound 'privileged' (28) for interaction with different unrelated targets, and its structure may form the basis for the development of more effective compounds. Accordingly, examining a series of novel curcumin derivatives, we have encountered the isoxazole analogue, which has shown more potent antitumor and molecular activities both in parental and in MDR tumor cells.
